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With the low-temperature halo-carbon epitaxial growth technique developed at
MSU prior to this work, use of a halo-carbon growth precursor enabled low-temperature
homoepitaxial process for 4H-SiC at temperatures below 1300 °C with good quality.
Investigations of the nitrogen doping dependence are reported. It has been
demonstrated that the efficiency of the nitrogen incorporation may be different for
different substrate orientations, with the C-face showing the higher value of doping.
The Si/C ratio is known to influence the doping during the epitaxial growth due to
the site-competition mechanism. The doping on the C-face showed weak dependence on
the Si/C ratio. On the Si-face, the doping dependence follows the site-competition trend.
At high Si/C ratio, the doping trend on Si-face shows strong deviation.
Both of the investigated trends are suggested for use as the main process
dependencies for achieving a wide range of n-type doping of SiC during the lowtemperature halo-carbon homoepitaxial process.
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CHAPTER 1
INTRODUCTION
Silicon carbide is a promising material for use in the semiconductor industry. It
possesses outstanding properties which are different from other semiconductor materials.
It is a wide-bandgap semiconductor with higher critical electric field, saturated drift
velocity, and thermal conductivity than most of the other semiconductor materials (e.g.,
GaAs and Si). These properties make silicon carbide a promising choice for high power
and high temperature devices and applications.

1.1 Introduction to silicon carbide

1.1.1 History of SiC
In 1824, Jons Jakob Berzelius suspected that the silicon-carbon bonding might
exist; however, it was not until 1893 that its manufacturing first occurred [1]. It was
manufactured by Edward Goodrich Acheson using a method of combining silica sand and
carbon at temperature between 1600 and 2500 degrees Celsius. This method became
known as Acheson method.
In 1955, Jan Anthony Lely at Philips in Eindhoven, Netherlands discovered a
novel manufacturing method which made SiC more appropriate for semiconductor
applications [2]. Since that time, silicon carbide research and development experienced
rapid growth. In 1987, a group of researchers from North Carolina State University
1

founded a new company, CREE Research Inc., to commercialize the production of
silicon carbide substrates in the United States.
Silicon carbide developed rapidly as evidenced by its use in many applications.
However, several aspects of silicon carbide remain unknown. Therefore, more research
and development is warranted in order to gain a better understanding of SiC and to
increase its role in the electronics industry.

1.1.2 Properties and applications
Silicon carbide is a compound composed of silicon (Si) and carbon (C) arranged
in a hexagonal structure. The large Si-C bonding makes SiC resistant to chemical attack
and radiation [4]. It has low thermal expansion, which makes it an auspicious choice for
high temperature applications. Another advantage of using silicon carbide is the ability to
retain its strength at elevated temperatures [9]. It has a Mohs’ scale of 9.5, which makes it
one of the hardest minerals [10].
The electrical properties of silicon carbide are as astonishing as its mechanical
properties. Table 1 shows the comparison of electrical properties between SiC and other
conventional semiconductors. The table indicates that silicon carbide is a wide-bandgap
material, with a bandgap higher than both GaAs and Si. This property leads to lower
thermal generation rates for electron-hole pairs in SiC than in Si and GaAs, which
enables the operation of SiC devices at high temperature without limiting electrical
performance. Another strength of SiC is its high breakdown electric field, which allows
the operation of SiC devices in high power applications.
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TABLE 1.1

Comparison of electronic properties between SiC and conventional
semiconductor [3]
4H-SiC

6H-SiC

GaAs

Si

3.26

3.03

1.43

1.12

Breakdown Electric Field 2.2x106
[V/cm][for
1000V
operation]

2.4x106

3x105

2.5x105

Thermal
conductivity 3.0-3.8
(W/cm*K @RT)
Saturated electron drift 2x107
velocity [cm/sec (@E>=
2x105 V/cm)]

3.0-3.8

0.5

1.5

2x107

1x107

1x107

Energy bandgap (eV)

High thermal conductivity allows heat to quickly dissipate through SiC, which
makes it appropriate for use in many high temperature applications and environments,
such as in nuclear reactors. The saturated electron drift velocity in SiC is higher than in
many other semiconductors, which results in higher switching speed and frequency. All
of these characteristics make silicon carbide a promising material for electronic devices,
such as thyristors, Schottky and pin diodes.

1.1.3 Low temperature Halo-Carbon epitaxial growth (LTEG)
Halo-carbon epitaxial growth is a novel growth process method pioneered at
Mississippi State University (MSU) in 2005 [6-8]. The fabrication of 4H- and 6H-layer
for high power and high frequency device applications is traditionally conducted by
chemical vapor deposition (CVD) epitaxial growth technique using the C3H8+SiH4+H2
reaction-gas system [6]. The new method is based on developing epitaxial layers
3

replacing the traditional precursors with halo-carbon source. Halo-carbons are chemicals
in which a carbon atom is bonded with halogens. Halogens are non-metal elements from
the 17th group of the periodic table. For this study, chlorine is the halogen used. The
halogen-compound precursor used in this work is chloromethane (CH3Cl), which
comprises carbon and chlorine atoms. The implementation of this gas system in epitaxial
growth produced promising qualities of epilayers.
Conventional growth temperatures used

in

SiC

epitaxial

growth

are

approximately 1700˚C. The SiC industry benefits from the production of good epilayers
at lower temperatures. Application of chloromethane as a carbon precursor, enhanced by
new understanding and improvement of the control of the gas phase kinetics, has the
benefit of achieving good quality homoepitaxial growth of 4H-SiC on regular
commercial substrates at temperatures below 1300 ˚C [7].
It is expected that the low-temperature halo-carbon technique can provide better
control of the epilayer doping with good morphology, including both high-purity and
heavily-doped epilayers [8]. However, doping mechanisms during the low-temperature
epitaxial growth process remain unexplored,. The purpose of this study was to explore
this process.

1.2 Doping needs for SiC devices
Doping is an important process in SiC device fabrication. An understanding of the
doping behavior is required for semiconductor device applications. Semiconductor
materials can be made of two types, p- and n-type. N-type has the Fermi level similar to
the conduction band, whereas the p-type has the Fermi level similar to the valence band.
4

Different doping can be achieved by adding dopants. Conventional doping techniques in
SiC industry include doping (1) in-situ during chemical vapor deposition (CVD) epitaxial
growth and (2) by ion-implantation. Precise doping control is important for the
fabrication of SiC devices because it can affect many device parameters.
One of the important applications for doping in SiC is to produce good Ohmic
contact at metal-semiconductor junction. Ohmic contact can be achieved by providing a
highly doped contact region in the semiconductor [5]. However, it is difficult to achieve
these highly doped contact regions. During the process, dopants can reside in the
defective regions and become electrically inactive. High temperature annealing is
required in order to activate these impurities.
Another need for doping in SiC devices is to control breakdown voltage in diodes
and transsistors. An ideal diode consists of either p-type and n-type regions or metal and
semiconductor regions joined together to form a pn or Schottky junction. The value of the
breakdown voltage depends on the doping concentration in the semiconductor. Low
doping increases voltage breakdown [5]. However the doping profile should be carefully
controlled to prevent excessive resistance that can result from too low doping
concentrations at the junction. Thus, precise control of doping is required to produce
optimum doping concentrations for any device.
SiC research resulted in significant progress toward understanding doping
mechanisms during ion implantation and epitaxial growth techniques utilizing regular
(i.e., in excess of 1450-1500 ˚C) growth temperatures. Site-competition epitaxy was
introduced as a technique to control doping during the epitaxial growth. However, the
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investigation of the doping mechanisms in the new low-temperature halo-carbon epitaxial
growth method developed at MSU was in rudimentary stage prior to this work.

1.3 Thesis scope
Previous researchers suggested that low temperature halo-carbon epitaxial growth
had the potential to provide high doping concentrations with good morphology. However,
the limitations of high doping have not been established. Also, the dopant-incorporation
mechanisms involved in controlling the level of doping remains unknown. This research
focuses on the investigation of nitrogen doping in the low temperature halo-carbon low
temperature epitaxial growth method. The nitrogen doping dependences are examined on
both the carbon face (C-face) and the silicon face (Si-face) of the commercial off-axis
4H-SiC substrates. The site-competition mechanisms during the low-temperature growth
are also investigated for both faces.
This thesis is organized in the following manner. Chapter 1 introduces silicon
carbide and growth techniques used for SiC, including low-temperature halo-carbon
epitaxial growth. Chapter 2 provides a review of the current state of knowledge about the
doping of SiC. In addition, it includes both a comparison of common n-type dopants, as
well as the principle of the site competition epitaxy and doping in halo-carbon lowtemperature epitaxial growth (LTEG). Chapter 3 describes the epitaxial approach and
covers the sample preparation, design of the CVD reactor, and typical growth sequences.
Further, this chapter covers the material characterization techniques used in this work.
Chapter 4 presents the results and implications of this research. This includes an
investigation of the doping dependence on the nitrogen flow rates and the site6

competition behavior during the low-temperature epitaxial growth process on both faces
of SiC substrates. Chapter 5 concludes this work and provides suggestions for future
research.
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CHAPTER 2
LITERATURE REVIEW

2.1 Epitaxial growth of SiC
The epitaxial growth is a process in which a single crystalline film is deposited
upon the surface of another crystalline substrate [11]. The epitaxial techniques can be
classified into two categories, homoepitaxy and heteroepitaxy. If the deposited layer is
composed of the same material as the substrate, then homoepitaxy occurs. Heteroepitaxy
involves a process in which the material of the deposited layer differs from that of the
substrate.
In the SiC industry, epitaxial growth by CVD is performed at high temperatures
(i.e., 1500-1700 oC), which will be referred to as “conventional temperature.” Gasprecursors used in conventional epitaxy are silane (SiH4) for the silicon supply source
and propane (C3H8) for the carbon supply source. The reactors currently used by research
labs and the industry can be divided into two main types, hot-wall and cold-wall. In hotwall reactor designs, the temperature on the reactor’s wall is similar to the temperature on
the wafer holder. Cold-wall reactors have lower wall temperatures than that of the wafer
holder. Figure 2.1 shows the basic configurations of the hot- and cold-wall reactors. The
figure shows that the heating element (i.e., susceptor) surrounds the growth area in the
hot-wall reactor. The side of the wafer holder provides the heat in the cold-wall reactor.
The gas flows in a one-way direction for both configurations, beginning with gas
8

injection through the inlet (1) in Figure 2.1. The heating elements (3) provide thermal
energy for the process. Substrates are placed on the wafer carrier (2). All excessive gases
are pumped out of the system through the reactor outlet (4).

Figure 2.1

Basic configurations of the hot wall (left) and cold wall (right) CVD
reactor designs [12]

In selective epitaxial growth processes (SEG), which are popular in the Si
industry, an SiO2 mask is formed on the surface of the substrates. Conventional masks
cannot withstand the high growth temperatures of the conventional SiC epitaxial
processes. Therefore, decreasing the CVD growth temperature would be beneficial for
developing SEG processes for SiC semiconductor fabrication.

2.2 Doping in silicon carbide
The incorporation of dopants into silicon carbide alters its electrical properties
and provides the desired values of the net free carrier concentration and conductivity.
The dopants are classified as donors and acceptors. Figure 2.2 shows different bandgap
levels of the primary dopants reported in 3C-SiC, 4H-SiC, and 6H-SiC. The distance
between the conduction and the valence band is known as the “bandgap.” The dopants
9

that have energy levels closest to the conduction band are called “donors.” The donors in
SiC are usually the elements of the group V in the periodic table. “Acceptors” are dopants
with energy levels near the valance band. For SiC, acceptors typically come from the
group III in the periodic table. In SiC, nitrogen (N) and phosphorus (P) are the primary
donors because they have the lowest atomic mass among group V elements and have
shallow donor levels in the bandgap. Boron (B) and aluminum (Al) are common
acceptors for achieving p-type doping in SiC. There are three doping techniques: (1)
diffusion, (2) ion implantation, and (3) doping in-situ during the chemical vapor
deposition (CVD). In SiC, diffusion doping is not used because, with the exception of
boron, most of the dopants have low diffusitivity in this material.

Figure 2.2

Energy band diagrams showing energy levels of different dopants in three
main SiC polytypes: 3C-SiC (top), 4H-SiC (lower left), 6H-SiC (lower
right) [13]
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Ion implantation is popular in SiC industry. The doping is performed by injecting
charged atoms directly into a substrate or an epilayer of the SiC sample. It offers several
advantages, such as accurate doping control and depth profile. Both p-type and n-type
dopants can be implanted simultaneously. However, there are also several drawbacks of
the ion implantation. It has a shallow implant depth which limits thickness of the
implanted layer. A second drawback includes the lattice damage. During the atoms’
penetration, they give off their energy by creating damage and defects in the lattice,
which can alter material properties. Annealing is a technique performed after ionimplantation to repair the damage; however, some residual damage cannot be repaired.
In-situ doping during the epitaxial growth is an alternative to ion implantation.
The reactant gases containing doping species that are primarily used for doping during
the epitaxial growth are nitrogen (N2) for nitrogen, phosphine (PH3) for phosphorus,
Diborane (B2H6) for boron, and trimethylaluminum (TMA) for aluminum. This research
focused on this approach and emphasized doping during the low-temperature halo-carbon
epitaxial growth.

2.3 Doping needs for SiC
There are several problems that can arise if the doping is not properly controlled.
Different device applications require heavily-doped, lightly-doped, or moderately-doped
regions. If the level of doping is not precisely controlled, then the device characteristics
can be compromised.

11

2.3.1 Low-doped drift regions in pin diode
In a diode with a drift region, the heavily-doped n- and p-type regions are separated
by a buffered drift region that has same conductivity type as either of the terminals, p- or
n-, but with lower levels of doping. This region is introduced in order to increase the
depletion width. It is intentionally low-doped to provide high breakdown voltage.
However, if the doping is too low, then the resistance in this region can increase, causing
an undesirable increase of the forward voltage drop. Therefore, precise doping is required
in the formation of this device.

Figure 2.3

pin diode with i-region representing low-doped drift region (bottom), and
a typical pn junction diode (top). [14]

2.3.2 Highly doped ohmic contact regions
When a metal and a semiconductor join, the majority carriers are transferred to
align the Fermi level in the metal and the semiconductor. An Ohmic contact region is
formed when there is no depletion region due to the fact that the electrostatic potential
difference required to align the Fermi levels at equilibrium calls for accumulation of
majority carriers in the semiconductor [5]. In reality, an Ohmic behavior is provided via
tunneling of the electrons through a narrow depletion region of the metal/semiconductor
contact. Therefore, ohmic contact can be formed by having a highly-doped contact region
12

in the semiconductor contacting the metal. This ensures a sufficiently narrow depletion
region for electron tunneling.

2.4 Problems of doping in SiC
As previously discussed, doping is one of the necessary procedures in device
fabrication. The doping level can enhance or deteriorate the device’s properties. In SiC,
some of the problems that complicate doping control include incomplete electrical
activation of dopants, incomplete ionization of relatively deep dopants, and difficulty
controlling purity when low doping is desirable. It is necessary to attend to these issues
and to develop an effective operating window of the doping process to ensure efficient
doping control.

2.4.1 Incomplete electrical activation of dopants after ion implantation
In ion implantation doping, the charged dopants are directly injected into the
substrate. These charges can generate different forms of the lattice damage, such as
amorphisation of the semiconductor, dislocation, stacking faults, interstitials, and
vacancies. Some dopants remain electrically inactive, which causes a significant
reduction in the net carrier concentration. After implanting Aluminum at 700 oC and
annealing it at 1600 oC, the net free carrier concentration is lower than the concentration
of implanted Al atoms and higher than the concentration of the substitutional Al atoms
(see Figure 2.4). The ratio of the net free carrier concentration to the implant
concentration depends upon the implantation and post-implantation annealing conditions.

13

Figure 2.4

Comparison of concentration of the substitutional Al atoms and the roomtemperature hole concentration with Al implant concentration [15]

2.4.2 Surface degradation due to high-temperature post-implantation annealing
This issue is related to improving the doping after ion implantation by performing
high-temperature annealing in order to activate the implanted atoms and to repair the
lattice damage. Samples are annealed for a certain period of time and in different
ambients. It should be noted that the lattice damage cannot be completely repaired and
additional damage can be generated in the process. The high temperature used in
annealing can cause surface morphology degradation in the epilayer. Data shown in
Figure 2.5 reveal that the surface roughness of Al and B implanted in 4H-SiC epilayers
increases with rising temperatures.

14

Figure 2.5

Surface roughness as a function of annealed temperature for aluminum
and boron implant 4H-SiC. [16]

2.4.3 Outdiffusion of dopants from reactor parts during high-temperature epitaxial
growth
During epitaxial growth, chemical deposits can form inside the reactor. Most
deposits are adherent and can easily be cleaned. However, there are some deposits which
are not easily removed. These deposits may contain significant amount of dopants, which
can be released due to the large amount of supplied thermal energy or chemical reactions
during high-temperature growth. These released dopants can significantly alter the
desired doping level. Figure 2.6 shows the SIMS profile of the atomic aluminum
concentration versus the TMA flow rate. When the TMA flow rate is reduced, SIMS
indicates excessive amounts of Al (shown in the region between 0 um and 3 um in Figure
2.6) and severe oscillations. The cause is the aforementioned re-evaporation of Al from
the heated susceptor, which makes doping difficult to control [17]. The effect is more
severe following heavy aluminum doping in the reactor.
15

Figure 2.6

SIMS profile of Al atomic concentration compare with TMA flow rate.
[17]

2.4.4 Deterioration of the protective coating on the susceptor
One of the main components of the reactor is the susceptor. It is composed of
graphite and coated with a material having low diffusivity, such as silicon carbide. After
a certain number of the growth run, the coating of the susceptor can deteriorate (e.g.,
cracks or coating-free regions), which causes unintentional background doping. It was
reported in [17] that after the TMA run, the background doping was in the low 1016 cm-3
range. By switching to a new susceptor that had not been used for p-type growth, the
doping background was reduced to 3x1015 cm-3. Figure 2.7 shows the SIMS profile of
unintentional background Al atomic concentration monitored in a 9 um thick epilayer.
The Al atomic concentration started at approximately 4x1014 cm-3 and increased with
growth. The cause for this increase in the background doping reportedly stemmed from
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impurities in the graphite diffused through cracks in the susceptor [17]. This is a common
problem that complicates the doping control, especially at high growth temperatures.

Figure 2.7

SIMS profile of Aluminum and Boron atomic concentrations in a 9-μmthick epilayer [17]

2.5 Nitrogen and Phosphorus as n-type dopants in silicon carbide
Nitrogen and phosphorus are the two main n-type dopants in SiC. They are from
group V of the periodic table. As shown if Figure 2.1, the nitrogen and phosphorus donor
levels in 4H-SiC bandgap are shallow. The donors are formed when phosphorus and
nitrogen substitute for vacant sites in the SiC lattice. Figure 2.8 illustrates the substitution
mechanism. The dopant can occupy the available vacancy. Nitrogen substitutes for the
carbon atoms, whereas phosphorus occupies the silicon sites [19].
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Figure 2.8

Occupying of a vacancy by a substitutional atom in the lattice [18]

Nitrogen has a lower atomic mass than phosphorus, which makes it the lightest of
group V elements. This property makes nitrogen preferable to phosphorous for use in ion
implantation due to its versatility of ion range and lower lattice damage. Phosphorus has
slightly lower ionization energy (i.e., 80 and 110 meV) than nitrogen (i.e., 82 and 140
meV), which limits ita interest as a potential replacement for nitrogen [20].
The phosphorus doping gas employed in epitaxy, phosphine (PH3), is more
flammable than nitrogen (N2). According to the United States National Fire Protection
Association (NFPA), nitrogen is rated “0” (i.e., material that will not burn), whereas the
phosphorous is rated “4” (i.e., material that will rapidly or completely vaporize at normal
pressure and temperature or is readily dispersed in air and will burn readily). However,
phosphorus remains an interesting dopant for SiC because it has a potential for greater
doping concentration than does nitrogen. For n-type doping with nitrogen, the free carrier
concentration saturates at approximately 1019 cm-3 [21]. With the incorporation of
phosphorus, a higher electrical activation in a higher concentration range (i.e., up to 1020
cm-3) can be achieved [22].
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In this research, nitrogen is examined as a donor for doping during lowtemperature halo-carbon epitaxial growth process. .

2.6 Site competition epitaxy

2.6.1 Positions of N donor in SiC crystal lattice
Doping in epitaxial growth is performed by introducing dopants (i.e., impurities)
into the epilayer and electrically activating them to form donor levels in the SiC bandgap.
Dopants are believed to substitute for specific available sites in the SiC lattice. Nitrogen
substitutes for carbon in the SiC lattice [24].

2.6.2 Variation of the Si/C ratio to control vacancies concentrations
In 1997, D.J Larkin proposed a technique to control dopant incorporation in SiC
called “site-competition.” Doping of SiC during the crystal growth or epitaxial growth is
conducted in-situ by flowing a particular p-type or n-type dopant source into the CVD
reactor. Typically, the dopant incorporation is controlled by varying the dopant flow.
The reproducibility and doping range greatly improves with the discovery of the sitecompetition epitaxial technique. The technique is based on varying the Si-source to Csource ratio (i.e., the Si/C ratio) within the epitaxial growth reactor to control the dopant
incorporation [20].
As previously mentioned, the dopants in SiC occupy specific sites in the SiC
lattice. Nitrogen occupies the carbon site, whereas boron and aluminum occupy the
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silicon sites. The concentration of these dopants vary based on the availability of the
vacancies of the particular type in the lattices, which can be controlled by the Si/C ratio.
Previous researchers [20] reported that the nitrogen concentration reduced by
decreasing the Si/C ratio. In the previous study, nitrogen flow remained constant at 100
ppm. The researchers reported that nitrogen concentration at Si/C = 0.44 was 2x1017 cm-3.
When the Si/C ratio was reduced to 0.1 by increasing the carbon source flow rate, which
supplied more carbon atoms to the system, the nitrogen concentration decreased to
1x1015 cm-3. Therefore, the nitrogen flow remained constant, whereas the carbon supply
increased. Both nitrogen and carbon atoms were competing for the available C-sites of
the growing SiC lattice. With higher carbon supplies, the nitrogen atoms were
“outcompeted” by the carbon atoms, which caused the reduction in nitrogen donor
concentrations.
The behavior was opposite for the B and Al because they occupied the available
Si-sites. The Al concentration was reportedly 5x1016 cm-3 at Si/C = 0.44 and 1x1019 cm-3
at Si/C = 0.11. This reduction in the Si/C ratio also reduced the level of Si atoms
competing with Al atoms for available Si-sites of the growing SiC lattice. In this
situation, Al atoms “outcompeted” Si atoms, which caused an increase in the Al
concentration.
The N depth profile shown in Figure 2.9 was measured in an epitaxial layer
grown by varying the Si/C ratio. The figure clearly shows that increasing the Si/C ratio
caused an increase of doping in N. The results proved that site competition is a reliable
technique used to control doping of the growing epitaxial layer.
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Figure 2.9
Comparison between SIMS (top) and CV (below) depth profile during SiC
epilayer growth [25]

2.7 Background of the low-temperature halo-carbon epitaxial growth
The utilization of chloromethane as a carbon precursor in SiC epitaxy conducted
at regular growth temperatures (16000C) was successful [6]. Prior to this study, epitaxial
growth at lower temperature was also attempted using the traditional growth precursors
[26,27]; however, those results were limited to 6H-SiC and certain substrate orientations.
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In the previous research conducted at MSU, the halo-carbon growth on 4H-SiC
substrates was developed for the low-temperature range. The investigation began by
replacing the conventional carbon precursor, propane, with the halogenated carbon
precursor, chloromethane (CH3Cl). As shown in Figure 2.10, in a conventional gas
system (H2+silane+propane), the surface degraded when the growth temperature was
reduced to 13000C. The same growth condition was used with the halogenated carbon gas
system. The comparison of the results showed that the halo-carbon gas system provided
significantly better morphology than the conventional system at low temperature (see Fig.
2.10).

Halo-carbon
growth process

standard propanebased process

50 µm
Figure 2.10

Surface morphology of a low-temperature epitaxial growth conducted at
13000C: epilayers grown with the standard SiH4+C3H8 process (left) are
compared to the new SiH4+CH3Cl process (right).

The results from the experiment discussed above marked the introduction of a
new growth technique, low-temperature halo-carbon epitaxial growth (LTEG). This is an
epitaxial growth technique involving the use of a halogenated carbon gas system at lower
than conventional temperatures.
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Figure 2.11 contains a comparison of PL spectra measured from two samples
grown at 1700 oC and 1300 oC. This comparison shows that the quality of the epilayer
grown using the LTEG technique at 1300 oC is as good as the one produced from
conventional technique at 1700 oC. .

Figure 2.11

PL spectra from epitaxial layers grown with CH3Cl: (a) at 1300 oC, and (b)
at 1700 oC [7].

The growth rate of the LTEG technique increased with the silane flow rate (see
Figure 2.12). However, at high silane flow rates, the growth rate began to saturate. The
saturation behavior was quantitatively independent from the chloromethane flow rate. It
was suggested that the observed saturation was a result of the silicon vapor condensation,
which also appeared as a pronounced droplet cloud inside the susceptor [7].
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Figure 2.12

Growth rate dependence on SiH4 flow for two different CH3Cl flows. [7]

Preliminary results of in-situ doping with nitrogen during the low-temperature
halo carbon epitaxial growth indicated that the nitrogen concentration in the epitaxial
layers grown on the carbon-face (C-face) of 4H-SiC substrates was as much as two orders
of magnitude higher than occurred in the epilayers grown on the silicon-face (Si-face).
Highly-doped substrates were achieved without any significant degradation of the
epilayer surface. It was suggested that the maximum nitrogen concentrations that could
practically be achieved with the new techniques could exceed the results reported for the
regular-temperature growth [28].
The results of early research on halo-carbon epitaxial growth proved that this
technique was capable of producing device-quality epitaxial layers at record low
temperatures. The system appeared to be capable of producing heavily nitrogen doped
epilayers, especially on the C-face. However, the doping trends remained uninvestigated.
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The doping dependence on the nitrogen flow rate and the Si/C ratio were investigated in
this study.
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CHAPTER 3
EXPERIMENTAL SETUP

Epitaxial growth requires the use of sophisticated equipment and accurate
procedures. The equipment and the samples should be handled with extreme caution.
This section provides general information regarding the most important equipment and
experimental processes used in this research. Information about the epitaxial growth and
characterization procedures is provided.

3.1 CVD Reactor
The CVD reactors used in SiC semiconductor research are classified into two
basic categories, hot-wall and cold-wall. The main components of the reactor include the
growth chamber, power generator, gas-handling system, and vacuum pumping system.
In this study, the horizontal low-pressure hot-wall CVD reactor was used. The basic
configuration of this reactor is shown on Figure 3.1. The growth chamber is designed to
establish a one-directional gas flow, and the gas injection line is connected to the front. In
addition, the exhaust line at the back is connected to the vacuum pump for removing and
ventilating the gases from the system. Thermal energy is supplied from the power
generator through the inductive heating coil surrounding the reactor quartz tube. An SiCcoated graphite susceptor located inside the growth chamber becomes inductively heated.
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The hot-wall susceptor is designed in such a way that the SiC substrate is placed inside
the opening of the susceptor. The substrate is surrounded by the heated susceptor walls,
which provide a homogeneous temperature distribution. The susceptor is insulated inside
the quartz with the help of thermal insulation foam. The front door of the reactor is
equipped with a rubber ring to seal the door and to protect against leakage. Mass flow
controllers (MFC) and programmable logic controllers (PLC) are employed to ensure an
accurate gas supply and the desirable flow rate.
Sample

Wafer Carrier

Gas
injection

Foam
Exhaust To
Vacuum
Pump

Figure 3.1

Heating Coil

Susceptor

Basic horizontal hot wall CVD reactor configuration

3.2 Samples preparation
Another important procedure necessary for epitaxial growth is the cleaning and
loading of the samples. These procedures should be carefully performed to ensure the
highest purity, careful handling, and accurate positioning of the samples.
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3.2.1 Cleaning
C-face and Si-face 4H-SiC substrates were used in this study. The samples were
cleaned in a sonic cleaner with acetone and isopropanol, respectively, prior to loading.
After sonic cleaning, they were rinsed with de-ionized water. Nitrogen was used to blow
dry the samples. After the researchers ensured their cleanliness, the samples were stored
in a container and transported to the loading area.

3.2.2 Loading
Two components of the reactor, the susceptor and the wafer carrier, are shown in
Figure 3.2. After cleaning, the samples were removed from their containers and placed on
the wafer carrier at specific locations. The wafer carrier was inserted inside the susceptor,
and the susceptor with foam was carefully transported into the reactor and positioned at
the center. After closing the reactor’s door, the researchers pumped the reactor into a
vacuum. When the pressure inside the reactor reached the target value, a leak check was
performed to ensure that there was no leakage in the gas lines. If the leak check was
quailed, then the chamber was refilled with hydrogen until a specific pressure setting was
obtained.
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Susceptor

Wafer
Carrier

Figure 3.2

Components for containing samples inside the reactor

3.3 Growth sequences
After the reactor reached the desired pressure, it was heated using a power
generator. The precursor’s flows were established through the ventilation lines in order to
achieve stabilization. The precursors were injected through the process line at the
appropriate moments during the growth process. Figure 3.4 shows the view of the reactor
during the growth run.
At the end of the growth run, the reactor was left idle for cooling purposes. When
the reactor was safe for unloading, the samples were removed and transferred to the
characterization lab for morphology and doping characterization.
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Figure 3.3

Reactor during growth run

3.4 Characterization of the epitaxial layers
Material characterization was used to establish and compare the properties of the
grown samples. Although there were several material characterization techniques
available, the primary techniques used in this study were capacitance-voltage (CV) and
current-voltage (IV) measurement, optical microscope, Reflective Fourier Transform
Infrared Spectroscopy (FTIR), and secondary ion mass spectroscopy (SIMS).

3.4.1 Capacitance-Voltage (CV) and Current-Voltage (IV) measurement
The experimental set-up for performing CV and IV measurement included a
mercury probe, Hewlett Packard 4280A precision LCR multimeter, and Keithley 237
High Voltage Source Measure Unit. The mercury probe was used to create a temporary
metal-semiconductor contact. A sample was placed face down onto the mercury probe,
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and a vacuum was applied to secure the contact. After ensuring the contact and measured
position, the capacitance-voltage dependence was measured and used for extracting the
doping profile.
The IV measurement was carried out by connecting the mercury probe to a
Keithley 237 power supply. Voltage was applied to the sample, and the corresponding
current was measured. The IV plot was generated and analysed to establish the
conductivity type, breakdown voltage, and series resistance.
The CV measurement was based on applying a voltage to generate a reverse-bias
at the Schottky metal-semiconductor contact. The width and the capacitance of the space
charge region associated with the Schottky contact was varied with the applied voltage.
This CV profile was recorded at varying frequencies between 100 kHz and 1 MHz, and
the doping profile was extracted from the CV curve. The width of the depletion region at
the particular bias corresponded to the measurement depth, and the slope of the
capacitance change was analyzed to extract the value of doping. The relationship between
the space charge region (SCR) width (W) and capacitance was defined as [31]:
C=

K sε 0 A
W

In this equation, C is the capacitance (F), Ks is the semiconductor dielectric
constant, ε0 is the permittivity of free space, A is the contact area, and W is the SCR
width.
Differentiating the above equation yields the following equation, which can be
used to extract the value of doping from the slope of the capacitance curve [31]:
N A (W ) = −

2
C3
=
2
2
qK s ε 0 A dC / dV
qK s ε 0 A d (1 / C 2 ) / dV
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Where NA ( ND) is the acceptor (i.e., donor) concentration, dC / dV is the slope of
the capacitance-voltage dependence and d(1/C2)/dV is the slope of the 1/C2 – V curve.

3.4.2 Morphology control by optical microscope
Before and after each epitaxial growth run, the samples were transferred to the
optical lab for the surface morphology characterization. The samples were placed under
the Nikon Optiphot 100 microscope. The images of the sample surface were acquired at
different magnifications. The substrate images taken prior to each experiment were used
to compare the images of the epitaxial layers to ensure that the problems caused by
defects in the initial substrate were differentiated from the problems caused by the
epitaxial process itself.

3.4.3 Secondary Ion Mass Spectrometry (SIMS)
SIMS is an ion beam characterization techniques used to characterize the
concentration of impurities in a material. The primary ions were injected into the sample
surface. The atoms at the surface were knocked off, resulting in their becoming ionized.
These secondary ions were sorted through the mass spectrometer. The ion detectors
counted these ions and provided information about the composition within the targeted
area. An auspicious feature of SIMS for this experiment was its ability to provide
information about the depth profile of the impurity concentration. In this study, the SIMS
technique was used to characterize the nitrogen impurity concentration in the heavier
doped epilayers. The technique allowed the researchers to characterize the total impurity
concentration. However, it did not allow them to distinguish between the electrically
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activated nitrogen atoms (i.e., donors) and the nitrogen atoms that remained inactive.
Still, in combination with the CV technique, the SIMS technique provided
comprehensive information about the doping process.

Primary beam
injector

Mass
spectrometer
Ions detector

Sample

Figure 3.4

Schematic diagram of SIMS set-up

3.4.4 Fourier Transform Infrared Spectroscopy (FTIR)
FTIR was another characterization technique employed in this study to measure
the epilayer thickness for the growth rate verification. It measured the reflected infrared
(IR) beam from the sample surface. The beam was split into two beams. One beam
extended to a fixed mirror, whereas the other attached to a moving mirror. After
reflecting back from the two mirrors, both beams were recombined into the detector that
measured the intensity and the path difference of the beams. The beam spectrum was
fitted by the software using a mathematical model for IR absorption/reflection. In
sufficiently heavily doped layers, the spectrum analysis can provide information about

33

doping as well as layer thickness based on its oscillating pattern. Basic FTIR
configuration is shown in Figure 3.6.

Fixed mirror

Incoming beam
Moving
mirror
Beam splitter

Detector

Figure 3.5

Schematic diagram of the FTIR set-up
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CHAPTER 4
EXPERIMENTAL RESULTS AND DISCUSSION

4.1 Heavily-doped n-type epitaxial layers

The potential to obtain heavily doped SiC using the low-temperature halo-carbon
epitaxial growth method was investigated. The growth experiments were conducted at
1300 oC on the carbon-face (C-face) and the silicon-face (Si-face) of 4H-SiC substrates.
The doping profile was obtained from secondary ion mass spectroscopy (SIMS) (see
Figure 4.1). The profile indicated that the system was capable of producing high doping
levels. The N doping in epitaxial layers grown on carbon face was 7x1020 cm-3. The
doping in epitaxial layers grown on silicon face was 1x1019 cm-3. As discussed below, it
was suggested that the N doping on carbon face was greater than that on silicon face
because N atoms occupied carbon sites in the crystal lattice [21]. The available cite for N
were more available on C-face, which likely was responsible for the substrate polarity
dependence.
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Figure 4.1

Nitrogen concentration profile from SIMS

The aforementioned result suggests that further investigation of the main process
dependencies for n-type doping during the low-temperature halo-carbon epitaxial growth
is warranted. The process dependencies investigated in this work are dependent upon the
nitrogen flow rate and the Si/C ratio. In addition, a practical doping process should be
compatible with the requirements of providing the desirable growth rate and the epilayer
morphology. Both characteristics, Rg and the surface morphology, were monitored in
each of the doping experiments conducted in this study.
Fourier Transform Infrared Spectroscopy (FTIR) was used to obtain information
about epilayer thickness. Simultaneously, FTIR was occasionally applied to heavily
doped epilayers as an additional technique for determining doping. A few selected FTIR
spectra measured in this study are shown in Figure 4.2. The spectra were taken from
samples with differing doping levels. They showed that the spectrum of a low-doped
sample (see Fig. 4.2(a)) had more oscillations than higher doped samples (see Fig. 4.2(b)
and (c)). The doping was quantitatively measured in sufficiently heavily doped samples.
The thickness and doping in heavily doped samples was calculated using the curve fitting
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technique applied to the fringe pattern of the spectrum. The information about thickness
was used to ensure stability of the growth rate in each experiment.

(a) Doping = 1e19 cm-3

(b) Doping = 4.72E18 cm-3

Figure 4.2

(c) Doping = 4E17 cm-3

FTIR spectrum of nitrogen doped sample at different doping levels.

4.2 Nitrogen flow dependence during halo-carbon growth

The nitrogen flow dependence was one trend investigated in this study. Epitaxial
growth experiments were conducted on the C-face and S-face of n+ 4H-SiC substrates.
The doping was monitored for different N flow rates. During these series of experiments,
other process parameters remained constant.
The results of the growth experiments at low N flow rates (0.12 sccm) are shown
in Figures 4.3 and 4.4. The CV measurement was performed after the epitaxial growth
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experiments in order to extract the doping profile. For the N flow rate of 0.12 sccm, the
doping extracted from CV was approximately 1.13x1018 cm-3 on C-face and 3.91x1016
cm-3 on Si-face. The C-face growth clearly resulted in higher doping levels than the Siface growth. This was due to the varying availability of the lattice sites for dopant
incorporation on C- and Si-faces as discussed below.
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Figure 4.3

Capacitance-voltage dependence measure on 4H-SiC epitaxial layers
grown at the nitrogen flow of 0.12 sccm: (top) C-face sample, and
(bottom) Si-face sample.
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Figure 4.4

Doping profile of 4H-SiC epitaxial layers grown at the nitrogen flow of
0.12 sccm: (top) C-face sample, and (bottom) Si-face sample.

In the second experiment, the N flow rate was increased in order to establish if
this could result in higher doping. The other parameters were kept constant throughout
this series of experiments. The CV measurement results and doping profiles are shown in
Figure 4.5 and 4.6, respectively. Significantly higher n-type doping was achieved with
this higher N flow rate. At this N flow rate, the doping level on C-face was also higher
than that on the Si-face (i.e., 4.72x1018 cm-3 on the C-face versus 4.00x1017 cm-3 on the
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Si-face). The depth non-homogeneity in both doping profiles was caused by unintentional
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fluctuations in the growth temperature during this particular epitaxial growth process.
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Figure 4.5

Capacitance-voltage dependence measure on 4H-SiC epitaxial layers
grown at nitrogen flow of 1.00 sccm: (top) carbon-face sample, and
(bottom) is silicon face sample.
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Figure 4.6

Doping profile of 4H-SiC epitaxial layers grown at nitrogen flow of 1.00
sccm. (top) carbon-face sample, and (bottom) is silicon face sample.

The N flow dependence was further investigated in a wide range of the N flow
rates. The C-face and Si-face samples showed strong N flow dependence (see Figure 4.7).
This trend was qualitatively similar to the results observed when the conventional growth
precursor system (i.e., propane) was used [28]. It could be clearly observed that the
doping concentration increased with increasing the N flow. However, the net donor
concentration on C-face substrate was greater than that on Si-face.
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Net donor concentration as a function of the nitrogen flow rate

Researchers have suggested that the reason for this difference was related to the
behavior of N donors in SiC. N substituted for C atoms in the crystal lattice. This
mechanism allowed N to incorporate more effectively on C-terminated C-face where
more available sites for N incorporation were expected. In addition, when the N flow was
increased, there were more N atoms available to take the available C sites in both
samples. Therefore increasing the N flow rate should increase the N incorporation on
both substrate orientations.
In order to establish if the value of the N flow rate influenced the morphology of
the epitaxial layers during the low-temperature halo-carbon epitaxial growth, the epilayer
surface morphology was evaluated with Nomarski optical microscopy.
A comparison of the morphology of two growth runs conducted at 0.12 sccm and
1.00 sccm N flow rates is shown in Figure 4.8. The change of the N flow caused no
changes in the morphology of the C-face growth when other process parameters were
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kept constant. On the Si-face, higher N flow caused defective formations and declines in
the epilayer morphology. However, it appeared that epilayer doping could be changed in
a sufficiently wide range on both Si- and C-faces without any significant morphology
degradation

nitrogen flow = 0.12 sccm

C-face

20 μm

Si-face

20 μm

Figure. 4.8

nitrogen flow =1.00 sccm

C-face

Si-face

20 μm

20 μm

Optical micrographs of 4H-SiC epitaxial layers grown at the same
conditions with different input nitrogen flow: C-face (top row), and Siface (bottom), nitrogen flow of 0.12 sccm (left), and nitrogen flow of 1.00
sccm (right).

43

4.3 Si/C dependence during halo-carbon growth

As previously discussed, the site competition epitaxy is a technique used to
control dopant incorporation by varying the number of available vacancies. One method
for controlling this availability is varying the Si/C ratio during the growth. While the Si/C
ratio is expected to be an important parameter for doping control in any epitaxial process,
there were no data about the Si/C ratio influence on dopant incorporation during the lowtemperature halo-carbon epitaxial growth investigated in this work.
This section presents the results on the site-competition epitaxy during the halocarbon growth at 1300 0C for the first time. The objective is to investigate the influence
of varying Si/C ratio on the value of doping. In this experiment, the Si/C ratio was
increased by raising the silane flow rate. The chloromethane flow rate was adjusted to
keep the growth rate constant in order to eliminate its possible influence on doping.
Consistent with previous experiments, 4H-SiC substrates with C-face and Si-face were
used in these experiments.
Figures 4.9 and 4.10 show CV results and doping profiles for a low Si/C ratio of
2. The other process parameters were maintained constant throughout the series of
experiments. In the Si-face epilayer, the entire epilayer thickness was completely
depleted at approximately -6 V of the reverse bias applied to the mercury-type Schottky
contact. This was consistent with a relatively low value of doping in Si-face growth. The
doping in these samples was extracted to be approximately 2.64x1018 cm-3 in C-face
epilayers and 4.00x1015 cm-3 in Si-face epilayers.
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Figure 4.9

Capacitance-voltage dependence measured in 4H-SiC epitaxial layers
grown at a low Si/C ratio of 2: (top) C-face sample, and (bottom) Si-face
sample.
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Figure 4.10

Doping profile measured in 4H-SiC epitaxial layers grown at a low Si/C
ratio of 2: (top) C-face sample, and (bottom) Si-face sample.

The doping behavior was further investigated at a higher value of the Si/C ratio.
The Si/C ratio was increased by raising the silane flow rate. The carbon supply was
reduced slightly to keep the growth rate the same as in the previous experiment. In the
epilayer grown on the C-face, the doping level was approximately 6.00x1018 cm-3 (Fig.
4.12). When compared to the results of the lower Si/C ratio growth, 2.64x1018 cm-3 (Fig.
4.10), results indicated that there existed a weak relationship between N doping on C-face
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and the Si/C ratio. A similar relationship was observed in the conventional precursor
systems [28]. On the silicon face, the doping was clearly lower than that on C-face;
however, its value was larger than what was measured at lower Si/C ratio. This was in
accordance with the site-competition mechanism. The doping non-homogeneity through
the epilayer depth shown in Figure 4.12 was caused by unintentional temperature
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Figure 4.11

Capacitance-voltage dependence measured in a 4H-SiC epitaxial layer
grown at high Si/C ratio of 6.58: (top) C-face sample, and (bottom) Siface sample.
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Figure 4.12

Doping profile measured in 4H-SiC epitaxial layers grown at high Si/C
ratio of 6.58: (top) C-face sample, and (bottom) Si-face sample.

The Si/C ratio dependence was further investigated in a wide range of values of
the Si/C ratio. The entire trend of doping versus the Si/C ratio for the C-face and Si-face
growth is shown in Figure 4.13. As the Si/C ratio was increased by raising the silane flow
rate and adjusting the chloromethane flow to keep the growth rate constant, the doping in
C-face growth remained nearly unchanged. A possible cause for this insensitivity was
that the surface-termination conditions on the C-face remained nearly the same,
48

regardless of the Si supply. It was mentioned in [28] that each silicon atom at the surface
was bound with only one bond in the carbon face growth. Therefore, it may have reevaporated more easily due to high growth temperature and high vapor pressure of Si.
For this reason, the surface remains terminated with C atoms that were nearly
independent of the Si supply. This indicated that N incorporation was nearly independent
of the Si/C ratio when the growth was conducted on the C-face.
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Doping as a function of Si/C ratio

In contrast, a strong dependence of the N incorporation on the Si/C ratio was
observed during the growth on Si-face, especially at the low values of the Si/C ratio. At
relatively low SiH4 flow rates (i.e., low Si/C ratio), the doping increased with increasing
the Si/C ratio. In this range of values of the Si/C ratio, the trend was qualitatively similar
to that reported in [20]. However, at a high Si/C ratio, the doping began to saturate and
eventually became independent of the Si/C ratio.
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Researchers have suggested that this saturation was caused by condensation of
silicon vapors at high silane flow rates. It was established in the previous work on the
halo-carbon epitaxial growth that the clustering of the silicon vapor caused depletion of
the silicon supply to the growth surface. The Si clusters were carried away by the flow
and were unable to contribute to the growth process, causing the saturation of the growth
rate [30].
In this study, the researchers suggested that the Si condensation also influenced
the N doping dependence on the Si/C ratio. While the so-called “input” Si/C ratio
increased with increasing the SiH4 flow rate, the actual (i.e., “effective”) Si/C ratio
saturated due to the effect explained above. As a result, further increase of the input Si/C
ratio did not contribute to the site-competition effect (see the saturation region in Fig.
4.9).
The Si/C ratio was an important parameter for controlling the N doping,
especially during the growth on Si-face. However, it was important to preserve good
epilayer morphology while changing the Si/C ratio when attempting higher or lower N
incorporation. As previously reported in [30], it might be difficult to preserve good
morphology at low values of Si/C ratio. For this reason, the epilayer morphology was
also investigated in this work as a function of the Si/C ratio.
Figure 4.14 shows epilayer surface morphology at different Si/C ratio. On the Cface, low Si/C ratios caused the generation of triangular defects. These triangles
disappeared with increasing the Si/C ratio. The morphology on the Si-face remained the
same (i.e., no defects) for all values of the Si/C ratio attempted in this work.
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Optical micrographs of 4H-SiC epitaxial layers grown at different input
Si/C ratios (with other growth conditions and the growth rate being the
same): (a)–(c) C-face growth, and (d)-(f) Si-face growth.

The results indicated that there was a relatively narrow process window for
varying the doping in the C-face epitaxial layers by changing the Si/C ratio. In addition,
on the C-face, the change of the Si/C ratio in a wide range of values did not result in
significant changes in doping. In addition, the change of the Si/C ratio in the epilayers
could be used as an effective tool for controlling the doping; a wider process window for
the Si/C ratio was compatible with good epilayer morphology.
The Si-face growth also had some process window limitations. In the experiment
described above, there was no morphology degradation on the Si-face at low Si/C ratio.
However, at very high Si/C ratios, a formation of silicon clusters in the gas phase could
also create disturbances at the surface and result in surface defects [30]. Therefore,
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changing the Si/C ratio in a wide range in order to control the doping on C- and Si-face
should be attempted with care. Wide doping variations should be achieved by using the N
flow dependence.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK

The main objective of this work was to investigate the main dependencies for N
incorporation during low-temperature halo-carbon epitaxial growth, which was achieved.
The aim was to develop a body of knowledge for controllable doing of SiC. The N flow
dependence was established in a wide range of the flow rates. Separate dependences were
obtained for epitaxial layers grown on the C-face and the Si-face of the commercial 4HSiC substrates, which were the orientations of practical importance for SiC device
applications. It was found that varying N flow produced a strong linear dependence on
both C-face and Si-face as expected. Doping in C-face epilayers was observed to be
approximately one order of magnitude greater than that in Si-face epilayers. Although the
exact reason for this remains unclear, it was suggested that the site-competition
mechanism (i.e., the substitution of the N atoms for the C atoms in the crystal lattice)
caused more efficient incorporation of N on the C-face due to potentially higher
availability of the desirable lattice sites.
Variation of the N flow in a wide range did not cause any significant defects or
surface degradation on the C-face. The quality of the epilayers and the doping behavior
indicated that the N flow dependence could be employed to provide wide range of n-type
doping without any additional significant surface degradation. Further, the epitaxial
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growth on Si-face was more sensitive to the increase of the N flow rates. It appeared that
achieving high n-type doping might be more difficult with respect to both the efficiency
of N incorporation and the need to preserve good epilayer morphology.
The Si/C ratio was successfully investigated as the second major dependence
required for precise doping control during the low-temperature halo-carbon epitaxial
growth. The dependence was also investigated for both Si-face and C-face substrate
orientations. The doping on the C-face was normally at least one order of magnitude
higher than that on the Si-face in a wide range of the Si/C ratios; however, the difference
can be as high as a few orders of magnitude, especially at lower Si/C ratios. The
incorporation in C-face epitaxial layers was weakly dependent upon the Si/C ratio. This
behavior was also observed by other researchers at conventional growth temperatures,
when conventional growth processes were used. One cause for this weak dependence
could be explained by the fact that the C-face remained terminated with C atoms,
regardless of the Si supply. As a result, the change in the Si/C ratio would not influence
the amount of lattice sites at the surface available for N incorporation.
It was established that the use of low Si/C ratio (e.g., for achieving low n-type
doping) might cause defect generation and morphology degradation; the C-face was more
susceptible to this problem. This should be accounted for when performing the doping at
a low Si/C ratio. This limitation of a difficulty to vary the Si/C ratio in a wide range
resulted in a narrower operating window, which could be addressed by employing the N
flow dependence.
The N incorporation versus the Si/C ratio on Si-face was different from that on
the C-face. The dependence can be divided into two parts, the region of low Si/C ratios
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and the region of high Si/C ratios. At low Si/C ratios, the n-type doping linearly increased
with increasing the Si/C ratio, which was expected from the site-competition mechanism.
However, the doping started to saturate at higher values of the Si/C ratio. At sufficiently
high values of the Si/C ratio, the nitrogen incorporation became independent of the Si/C
ratio, which meant that this process parameter could not be used for doping control in this
range. It was suggested that a possible cause for this saturation was the formation of
silicon clusters at high silane flow rates. Both the existence and the strength of this
process have been demonstrated in previous studies. These silicon clusters did not cause
any detectable surface degradation in this work. However, the Si condensation and cluster
formation caused depletion of the Si supply to the growth surface. As a result, although
the “input” Si/C ratio was increased, the real “effective” Si/C ratio saturated, leading to
saturation of the doping at high values of the “input” Si/C ratio.
Although the Si vapor condensation and cluster formation presented no serious
problems for the epilayer morphology in the investigated range of the process parameters,
its limitation on the value of the achievable doping provided a narrower operating
window for the doping control using the Si/C ratio. Therefore, the doping control by
adjusting the nitrogen flow rate should be used to achieve wider doping range with good
morphology, whereas the Si/C ratio should be used for fine-tuning the doping control.
It was observed that the nitrogen doping was sensitive to the growth temperature.
It was expected that a complex relationship might exist between the doping and
temperature. Further investigation of the temperature effect on doping as well as other
dependences, such as the growth pressure and the growth rate, should be conducted in
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order to make the low-temperature epitaxial growth process ready for the real-life device
applications.
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